We theoretically study classical step-modulated pulse propagation in an optically thick medium with electromagnetically induced transparency ͑EIT͒ using a fast Fourier transform and a proposed hybrid-asymptotic analysis. The 100% transmitted leading edge traveling at c consists of Sommerfeld-Brillouin precursors. The main signal, falling inside of the narrow EIT window, experiences a steep dispersion and slow group velocity. We suggest active control of the precursors and main signal separately by adjusting the parameters of the medium and incident pulse. The effort to achieve active control of the light-matter interaction has brought on the recent developments of nanophotonics for fast and advanced communication and information technology ͓1͔. Electromagnetically induced transparency ͑EIT͒ ͓2͔, for example, switches light transmission on and off with an auxiliary control beam. For a three-level system as shown in Fig. 1͑a͒ , a coupling laser field c rends the medium transparent at the otherwise probe absorptionresonance frequency 0 . The steep dispersion of the linear susceptibility within a narrow transparent window leads to slow and ultraslow light ͓3,4͔. Note that if the coupling laser is turned off, it reduces to a two-level system ͑classically single-Lorentz dielectric͒, as in the blue dashed line in Figs. 1͑b͒ and 1͑c͒.
The effort to achieve active control of the light-matter interaction has brought on the recent developments of nanophotonics for fast and advanced communication and information technology ͓1͔. Electromagnetically induced transparency ͑EIT͒ ͓2͔, for example, switches light transmission on and off with an auxiliary control beam. For a three-level system as shown in Fig. 1͑a͒ , a coupling laser field c rends the medium transparent at the otherwise probe absorptionresonance frequency 0 . The steep dispersion of the linear susceptibility within a narrow transparent window leads to slow and ultraslow light ͓3,4͔. Note that if the coupling laser is turned off, it reduces to a two-level system ͑classically single-Lorentz dielectric͒, as in the blue dashed line in Figs. 1͑b͒ and 1͑c͒.
If EIT is considered as "steady-state transparency," there is "transient transparency" in the light-matter interaction, optical precursors, introduced about a century ago by Sommerfeld and Brillouin to prove no light component travels faster than c ͓5͔. When a monochromatic wave is abruptly switched on and shined on a single-Lorentz dielectrics, the front edge of a step-modulated pulse ideally does not interact with the medium and travels at c because of the finite response time. The front edge is followed by high-and lowfrequency component consisting of transients: Sommerfeld and Brillouin precursors, respectively. Contrary to predicted difficulties in detection, a direct observation of optical precursors was recently made by using cold atoms ͓6͔. The novel characteristics of large-peak and significantly longlasting transients ͑precursors͒ have also been verified theoretically ͓7͔. Optical precursors are currently of increasing interest as they are connected to biomedical imaging and optical communication applications because they can penetrate deeper into a material ͓8,9͔.
However, optical precursors in classical pulse propagation have been always focused on single or double Lorentz dielectric media and have not been studied in an EIT system. Most recently optical precursors at the biphoton level have been observed in an EIT system ͓10,11͔. The ballistic characteristic of optical precursors is measured as a sharp peak at the leading edge of the biphoton correlated wave packet generated using EIT and slow light. The motivation of this work is to study how optical precursors form in classical pulse propagation through an EIT medium and examine whether they differ from the biphoton case.
In this Rapid Communication, we discuss classical stepmodulated pulse propagation through an EIT medium based on the parameters in Refs. ͓10,11͔. We implement two numerical methods: fast Fourier transform ͑FFT͒ and hybridasymptotic analysis. The FFT is used to evaluate total transmission, and the hybrid-asymptotic method is proposed to identify the main signal and Sommerfeld-Brillouin precursors. The result shows interesting properties of the main signal's propagation in slow-or fast-light media. The steadystate transmission and the group delay of the main signal are affected by medium parameters, such as the optical depth ␣ 0 z and coupling Rabi frequency ⍀ c . This suggests a clear interpretation of the main signal's arrival, contrary to the compli- cated expression for the far off-resonance case in conventional asymptotic saddle-point analysis on optical precursors ͓5,12͔.
The general description of transmitted electromagnetic field is usually obtained by Fourier analysis accompanyed by spectral medium characteristics: complex index of refraction, n͑͒ = ͱ 1+͑͒, where ͑͒ is the linear susceptibility. For an EIT medium, the probe atomic transition exhibits a rapidly varying refractive index whose dispersive properties are mediated by the coupling field ͓2,4,13-15͔. The linear susceptibility is given by ͓16͔
where ⌬ ϵ − 0 is the frequency detuning, ␣ 0 z =62 is the optical depth, ␦ =2 ϫ 3 MHz is half of the natural linewidth ͑the resultant coherence decay time of the excited level ͉3͘ is T 2 =1/ ␦ =53 ns͒, ␦ 12 = 0.02␦ is the dephasing rate between the two ground levels, and ⍀ c = 4.20␦ is the coupling laser Rabi frequency. The transmitted field is given as an integral form
where E͑0,͒ is the spectrum of the initial step-modulated pulse, E͑0,t͒ = E 0 ⌰͑t͒e −i p t , and the complex phase of the integrand is ͑ ,
We first study the on-resonance case-i.e., ⌬ p = 0. The total transmission of the step-modulated input pulse through an optically thick medium ͑␣ 0 z =62͒ is evaluated numerically based on Eq. ͑2͒ using FFT, as shown in Fig. 2 . The solid lines indicate total transmission, and the insets show earlier temporal evolution as a function of retarded time ϵ t − z / c, which is the Sommerfeld-Brillouin precursor discussed later. With ⍀ c = 4.20␦ ͓Fig. 2͑a͔͒, the steady-state transmission arrives with a group delay of 370 ns. Approximately 80% of the transmission agrees with the EIT transmission in Fig. 1͑b͒ . When the coupling beam is turned off ͑⍀ c =0͒, the steady-state part is totally absorbed by the optically thick medium. The transient part arriving at c, however, is not affected by medium properties, thereby being interpreted as optical precursors.
Optical precursors emerging from the optically thick single-Lorentz medium are well defined and analyzed by the steepest-decent method associated with asymptotic analysis ͓5,12͔. Equation ͑2͒ is asymptotically ͑z ӷ ␣ 0 −1 ͒ evaluated by the deformation on the contour of the integral near the saddle points sp obtained from ‫ץ͉‬ ͑ , t͉͒ sp = 0. Since the quadratic expansion fails within the narrow EIT transparency window where ‫ץ͉‬ 2 ͑ , t͉͒ 0 = 0, we separate two regions as suggested in Ref. ͓11͔ . Here, we propose a hybrid-asymptotic analysis, in which we use two different methods for two different regimes: EIT transparency window, ͓ 0 − ⌬ e , 0 + ⌬ e ͔, its complement set. The quantity ⌬ e ϳ ⍀ c is determined by the EIT transmission profile where the frequencies of 0 − ⌬ e and 0 + ⌬ e fall into the opacity window. For the complement set, where the asymptotic analysis is well defined and used to identify Sommerfeld-Brillouin precursors, we use a quadratic approximation near saddle points of the phase ͓17͔. A new concept here compared to the previous method ͓11͔ is to exploit impulse response method ͑Green's function͒ instead of numerical FFT ͓11͔ to obtain the main signal.
To obtain Sommerfeld-Brillouin precursors, we evaluate saddle points satisfying ‫ץ͉‬ ͑ , t͉͒ sp = 0 and obtain
At high optical depth ͑␣ 0 z͒, only the saddle points falling outside of the opacity window contribute to the precursor fields. When ⌬ sp = sp − 0 ӷ⍀ c , a single-resonance non-EIT process dominates and we can approximately treat the medium as a two-level system. Then approximated solutions are obtained as
where ͑t͒ϵ ͱ ␣ 0 z␦ 2͑t−z/c͒ . Under the quadratic approximation, we obtain asymptotic expressions of Sommerfeld E S ͑z , t͒ and Brillouin E B ͑z , t͒ precursors as
.
͑6͒
Now we turn our attention to the main signal E C ͑z , t͒. Here we define the Green's function ͑impulse response͒ of the EIT window ͓ 0 − ⌬ e , 0 + ⌬ e ͔ as For the case shown in Fig. 1͑b͒ , we take ⌬ e = ⍀ c / 2=2 ϫ 6.4 MHz. The main signal E C ͑z , t͒ can be expressed as a convolution of Green function, Eq. ͑7͒, and the input stepmodulated pulse E͑0,t͒: Therefore, the total transmitted field is obtained from Eqs. ͑5͒-͑9͒: E͑z , t͒ = E S ͑z , t͒ + E B ͑z , t͒ + E C ͑z , t͒. The corresponding normalized intensity is shown in Fig. 3͑a͒ . The solid line denotes the intensity of total precursors, ͉E S ͑z , t͒ + E B ͑z , t͉͒ 2 , and the dotted line represents the main signal intensity, ͉E C ͑z , t͉͒ 2 . Because of the distinct separation between the transient and steady-state parts, there is little interference between two parts. Figure 3͑b͒ shows the frequencies of Sommerfeld ͑blue solid line͒ and Brillouin ͑red dashed line͒ precursors. The modulation of the total precursors is due to the beating between two sidebands of the pulse spectrum propagating through optically thick medium.
To investigate the role of the EIT effect on the precursors and main signal for the on-resonance case ͑⌬ p =0͒, we vary the optical depth ␣ 0 z and coupling Rabi frequency ⍀ c , as shown in Fig. 4 . Table I Sommefeld-Brillouin precursors are independent with ⍀ c ͑insets of Fig. 4͒ , but are more oscillatory as ␣ 0 z increases, which is predicted as coherent transients ͓18͔. The main signal, however, is significantly affected by medium properties. As in Fig. 4 and Table I , the arrival of main signal is delayed for large ␣ 0 z and small ⍀ c because of the slow-light effect. The steady-state transmission increases as ␣ 0 z decreases and as ⍀ c increases. These behaviors are denoted as the black solid line ͑⌬ p =0͒ in Fig. 5 . Figure 5 shows further analysis of group delay and steady-state transmission at the EIT window for four different pulse carrier detuning cases: ⌬ p / 2 = 0, 3.2, 6.4, and 9.5 MHz. As the optical depth ␣ 0 z increases, the steady-state transmission rapidly decreases ͓Fig. 5͑a͔͒, and group delay increases ͓Fig. 5͑c͔͒ except for ⌬ p / 2 = 6.4 MHz. Note that the boundary of the EIT is located at ⌬ e / 2 = ⍀ c / 4 = 6.4 MHz, where the negative group delay in the highly absorptive region results in pulse advancement. As ⍀ c increases, the EIT window opens wide enough to transmit light even for off-resonance cases ͓Fig. 5͑b͔͒. The corresponding group delay is shown in Fig. 5͑d͒ .
We compare temporal evolution of the step-modulated pulse for the case of positive group delay ͓Fig. 6͑a͒, ⌬ p / 2 = 3.2 MHz͔ and negative group delay ͓Fig. 6͑b͒, ⌬ p / 2 = 6.4 MHz͔. No pulse advancement is observed, thereby confirming that the main signal's arrival never exceeds c. Another notable thing is, contrary to the ⌬ p = 0 case, we observe interference between the Sommerfeld-Brillouin precursors and main signal.
We note the differences between the classical pulse propagation ͑Fig. 4͒ and biphoton generation in the EIT medium ͓11͔. In the biphoton case, the main waveform always switches on at the zero relative delay time and therefore it cannot be separated from the precursor field. However, in classical pulse propagation, depending on the parameters ͑␣ 0 z, ⍀ c , and ⌬ p ͒, we have active control of the interference between the main and precursor fields: in the slow-light case, the front of the main signal is always delayed and often separated from the precursors; in the fast-light case, the main signal always interferes with the precursors.
In summary, we propose a hybrid-asymptotic method to identify the main signal and Sommerfeld-Brillouin precursors when a step-modulated pulse transmits through an EIT medium. To obtain the main signal, we take the convolution of the incident pulse and the EIT window response, where the conventional asymptotic method fails. Our method agrees well with the numerical FFT results. The method provides a clear physical interpretation of the main signal's arrival compared to the complicated mathematical expressions associated with asymptotic analysis. The main signal arrives at the group velocity until it reaches the negative group index. For the negative group index ͑⌬ p / 2 = 6.4 MHz͒, there is no pulse wave-front advancement as seen in Fig. 6͑b͒ , which agrees with recent experimental results ͓6͔ for an absorptive region ͑fast-light case͒ in a single-Lorentz media. Therefore, the EIT transparency window is crucial for understanding the role of group velocity on the arrival of the main signal. Our analysis proposes robust controls of transmissions or delays between the Sommerfeld-Brillouin precursors and main signal by tuning the operating parameters, which may find applications in biomedical imaging and optical communication. Meanwhile, these optical coherent transients provide spectroscopic studies in a time domain that is complementary to those made in the frequency domain. Here, we use the FFT method with parameters ␦ =2 ϫ 3 MHz, ␦ 12 = 0.02␦, ⍀ c = 4.20␦, and ␣ 0 z = 62.
